We propose a signal-to-signal beating interference (SSBI) cancellation scheme in two-mode fiber (TMF) transmission system based on balanced detection without requirement of a guard band. The SSBI can be eliminated based on the mode selectivity characteristic of mode coupler. The mode selectivity in mode coupler relies on the coupling behavior between the fundamental mode LP 01 and the first-order mode LP 11 , which is highly dependent on the spatial orientation of the fiber modes. We design and fabricate a fused-type fiber mode coupler (FFMC) based on circular-core TMF. Based on the fabricated FFMC, we experimentally demonstrate a multi-band 100-Gb/s optical orthogonal frequency division multiplexing signal transmission over 10-m TMF with SSBI cancellation. Significant performance improvement is observed when compared with conventional direct detection scheme under the condition of insufficient bandwidth of a guard band.
Introduction
Driven by the emerging mobile and cloud applications, transmission of 100 Gb/s per single wavelength is necessary for future intra-datacenter interconnects (DCIs) covering transmission distances from tens of meters to several kilometers [1] , [2] . Although coherent optical transmission modules at 100 Gb/s or 400 Gb/s can satisfy the growing capacity demands in DCIs, they are designed for long-haul transmission scenarios, which are suffered from high digital signal processing (DSP) complexity and cost [3] - [5] . Research efforts have been put on to improve the single wavelength data rate to 100 Gb/s based on intensity modulation and direct detection (IMDD) technique due to its simple structure and low cost [6] - [10] . However, only the amplitude of the optical field is used to modulate the signal, resulting in low spectral efficiency. The transmission distance is also limited in IMDD technique based system at 1550 nm due to the chromatic dispersion induced power fading. In order to achieve complex modulation with direct detection, pilot-supported direct detection schemes have been proposed with various modulation formats [11] - [15] . Moreover, chromatic dispersion compensation can be realized in pilot-supported direct detection schemes by electrical field extraction of the OFDM signals.
In conventional pilot-supported direct-detection single mode fiber (SMF) transmission systems, the performances are seriously affected by the signal-to-signal beat interference (SSBI) [14] . Although several advanced DSP algorithms such as Kramers-Kronig receiver and SSBI iterative cancellation have been proposed to deal with the SSBI issue, they all have the disadvantages of complex nonlinear digital operation with incomplete SSBI mitigation [16] - [18] .
SSBI estimation and cancellation can also be achieved in optical domain [19] - [22] . However, optical filter with steep edge is required at the receiver side to remove the pilot carrier, which increases the system complexity and wastes the spectral efficiency due to the frequency guard band between the optical signal and pilot carrier [19] , [20] . We have recently proposed and experimentally demonstrated balanced detection scheme after multi-core fiber (MCF) and two-mode fiber (TMF) transmission systems with SSBI elimination [21] , [22] . Compared with MCF, TMF has the advantages of large effective areas and convenient connection to the SMF. As an extension of our previous work in [21] , this paper includes the following two new contributions: (i) we provide more details on the design and theoretical analysis of the mode-selective fused-type fiber mode coupler (FFMC). The mode converting and coupling situation affected by the polarization angle of the incident light is analyzed. The optimal value of coupling length, TMF core diameter and TMF cladding diameter of the FFMC is obtained by simulation; and (ii) the experiment results are extensively extended by including the performance of OFDM signal in each subband and effects of guard band in the pilot-supported balanced-detection TMF transmission system. The remainder of this paper is organized as follows: Section 2 presents the principle of SSBI cancellation in the TMF transmission system. Section 3 describes the design and characterization of the FFMC. Sections 4 and 5 discuss the experiment setup and results of the TMF transmission for 100-Gb/s multi-band orthogonal frequency division multiplexing (OFDM) signals. Finally, conclusions are drawn in Section 6.
Principle of SSBI Cancellation
Conventional direct-detection scheme based on optical carrier and signal beating in SMF transmission is shown in Fig. 1(a) . If the frequency difference between the optical carrier and signal is smaller than the bandwidth of signal Bs, the received electrical signal will be contaminated by the SSBI, which will degrade the system performance significantly, as shown in Fig. 1(a) . Although several SSBI mitigation methods have been proposed, they cannot completely remove the SSBI at the cost of additional DSP complexity. Therefore, the more efficient method is to use guard band in direct-detection scheme. As described in Fig. 1(b) , SSBI can be completely removed as long as the bandwidth of the guard band is larger than the bandwidth of signal Bs at the cost of waste of spectral efficiency.
The proposed scheme to completely remove the SSBI in TMF without sacrifice of spectral efficiency is shown in Fig. 1(c) . We first transmit the optical carrier and signal as two independent modes (LP 01 and LP 11 ) in the TMF. If the mode selectivity characteristics exist, one output may include the combination of optical carrier and signal. In this case, the optical fields can be expressed as C + S, where C and S represent the optical carrier and signal, respectively. Similarly, another output may include only the optical signal S. Therefore, when the two output streams are launched into the two input ports of balanced photo detector (BPD), the output of the BPD can be described
The first term in the right side is the direct current (DC) part of the received signal which can be eliminated easily by DC block. The second term in the right side is the desired electrical field of the signal, which is amplified by the optical carrier. In this way, the SSBI can be removed without requirement of guard band. From above analysis, we can see that in order to remove the SSBI after TMF transmission, specially designed mode coupler is required to achieve the mode selectivity as described in Fig. 1 (c).
Device Design and Characterization
The principle of mode converting and mode coupling of FFMC is shown in Fig. 2 . As shown in Fig. 2(a) , the FFMC is composed of SMF and TMF which are fused by traveling flame along the longitudinal direction, enabling the light coupled from one piece of fiber to another piece. The LP 01 mode from SMF arm is converted to the LP 11 mode in TMF arm. After traveling a length of TMF with another FFMC for mode de-multiplexer, the LP 01 mode in TMF arm is still LP 01 mode, existing with the residual LP 11 mode, as shown in Fig. 2(b) . The SMF arm, however, only includes the LP 01 mode which is transformed from LP 11 mode in TMF arm. The LP 01 and LP 11 mode patterns are both observed through Charge-coupled Device (CCD) showing in Fig. 2(a) . We design and fabricate a FFMC based on a single mode fiber and a circular core two-mode fiber replacing the elliptical core two-mode fiber [23] , [24] to better controlling the coupling situation of the two modes. It is noted that the residual LP 11 in the de-multiplexer output due to the mode selectivity can be used to eliminate SSBI, as described in Fig. 1 . The circular TMF is fabricated by Fiberhome Corporation, which supports LP 01 mode and two degenerate LP 11 modes, referring as LP 11a and LP 11b modes. The TMF is based on step index structure with trench, and is optimized to effectively stabilize LP 11 mode and cutoff other higher modes.
We analyze the coupling behavior of LP 01 and LP 11 modes in FFMC by FDTD (finite difference time domain) in simulation. Fig. 3(a) is the 2D model of FFMC. The cladding diameter and index of SMF and TMF are 125 µm and 1.444. The core diameter of the two fibers are 9 µm and 13.5 µm, respectively. The refractive index differences of the two fibers are 0.3% and 0.46%, respectively. The effective refractive index of LP 01 and LP 11 mode as a function of the taper diameter is shown in Fig. 3(b) . The slope difference of effective refractive index between LP 01 and LP 11 mode is relatively small. Therefore, the phase matching condition is hard to be destroyed due to fabrication error [25] . In order to avoid the converted LP 11 mode light in TMF converting back to SMF, the diameter, cladding diameter and coupling length should be properly designed. Firstly, we study how the modes are transmitting and coupling when LP 01 mode is input into the FFMC. The LP 01 mode at the TMF input surface is shown in Fig. 4(a) . The mode transmits through the TMF and maintain LP 01 mode in fused area, as shown in Fig. 4(b) . Therefore, the output mode field is still LP 01 mode as shown in Fig. 4(c) . However, when the LP 01 mode is launched into the SMF port (see Fig. 4(d) ), the mode coupling occurs, and part of energy transform into the LP 11 mode as shown in Fig. 4(e) . The output mode fields containing both LP 01 and LP 11 modes are shown in Fig. 4(f) .
We then analyze the effects of polarization angle of input light on the coupling behavior when connecting two FFMCs, as shown in Fig. 5 . We investigate the output power of FFMC when the light of LP 01 mode is launched into the input port I and II, respectively. The normalized power at the output port III and IV by simulation is shown in Fig. 6 . It can be seen that when the light is launched into the port I, the output power is close to 1 and 0 at port III and port IV at all different polarization angles. However, when the light is launched into the port II, the output power at port III and IV is complementary with the change of polarization angle. We also conduct an experimental Table 1 . In order to achieve the SSBI cancellation, two requirements are necessary: (1) high extinction ratio at the output ports when the light is launched into the port I; and (2) equal optical power at the output ports when the light is launched into the port II. It can be seen in Table 1 that these two requirements can be satisfied by adjusting the polarization angle of the input light.
Finally, we study the effects of cladding diameter and core diameter of fused-area TMF on the mode conversion efficiency when that light is input from the port II. It is noted that when the light is launched into the port I, no mode conversion occurs. By calculating the output power ratio between the LP 11 and LP 01 modes, the optimal values of coupling TMF cladding diameter and coupling TMF core diameter are 25.0 µm and 3.1 µm with power ratio of 10 dB as shown in Fig. 7(a) and (b) , respectively.
Experimental Setup
The experimental setup to verify the effectiveness of our proposed balanced-detection scheme with fabricated FFMC after TMF transmission is shown in Fig. 8 . One external-cavity laser (ECL) with line-width less than 100 kHz is fed into an optical in-phase/quadrature-phase (IQ) modulator, which is modulated by the OFDM signal. The OFDM signal with 16-QAM format is produced by an arbitrary waveform generator (AWG, Tektronix 7122C) operating at 12 GSa/s. For the generation of electrical OFDM signal, the inverse fast Fourier transform (IFFT) size is 256 where 210 subcarriers are filled with data. The middle 2 subcarriers are unloaded to avoid the DC influence. 2 subcarriers are selected as the pilots to correct the laser phase noise. The 1/32 of the OFDM symbol period is used as cyclic prefix (CP) to avoid the inter-symbol interference. After optical amplification by an Erbium doped fiber amplifier (EDFA), an intensity modulator (IM) is used to replicate the OFDM signal to three copies with driving sine wave signal at 10.125 GHz to enhance the net data rate. The generated three-subband optical OFDM signals are then launched into one port of the FFMC. Another ECL with 16 GHz frequency shift is acted as an optical carrier and launched into another port of the FFMC directly. Two polarization controllers (PCs) are used to adjust the polarization states of optical carrier and signals at the transmitter side. After transmission over 10-m TMF, the optical carrier and signals are de-multiplexed by another FFMC. It is noted that the transmission distance is limited to be 10 meters in this experimental demonstration due to only 10-m TMF is available with small coupling ratio. Longer transmission distance can be achieved by specially designed weakly-coupled few-mode fiber [26] . The inset of Fig. 8 shows the optical spectrum at the corresponding point in the experimental setup. It is noted that the optical tunable delay lines are used to synchronize the optical carrier and optical OFDM signals. The two streams are launched into the two ports of the BPD to achieve optical-to-electrical conversion. 
Results and Discussion
The electronic spectrum considering only one OFDM subband with and without SSBI cancellation are shown in Fig. 9 when the frequency difference between the two ECLs is set at 9.5 GHz for one sub-band case. It is shown that the SSBI is completely cancelled in the low frequency region in Fig. 9 (a) after optimizing the polarization states at the transmitter side. For comparison, the electrical spectrum without SSBI cancellation is shown in Fig. 9(b) , where strong interference is observed in the low frequency region. We also investigate the effects of guard band for the one OFDM subband with and without SSBI cancellation. The Q 2 factor for two cases at different bandwidths of guard band is shown in Fig. 10 . It is shown that the Q 2 factor stays at level of ∼19 dB for all the bandwidths of guard band with SSBI cancellation, which suggests that no SSBI is introduced after balanced detection. However, when the SSBI is not removed, the Q 2 factor drops significantly when the bandwidth of guard band is small. The penalty is reduced with the increasing of bandwidth of guard band. As long as the bandwidth of guard band is larger than the bandwidth of OFDM signal, the Q 2 factor can also reach ∼19 dB even without SSBI cancellation. The constellation points of the recovered OFDM signals at the corresponding points are also shown in the inset of Fig. 10 .
Then we investigate the bit error rate (BER) versus carrier-to-signal power ratio (CSPR) for the three-subband OFDM signals. From Fig. 11 , the optimal CSPR value is 12.7 dB, which is also used for the rest of experimental measurement. It is noted that the performance degradation at small value of CSPR is mainly due to the small beating electrical signal. However, when the CSPR exceeds the optimal value, the performance is mainly affected by the nonlinear distortions in BPD due to large value of recovered electrical signals. Moreover, DC component induced thermal noise and signal to noise ratio of pilot carrier also becomes the dominant factors to affect the system performance. The BER performance of one-subband and three-subband OFDM signals versus optical signal to noise ratio (OSNR) is shown in Fig. 12 . It is shown that small difference among the BER performances of the OFDM signals in each subband can be observed, which is mainly due to the limited bandwidth of BPD at the receiver side. The average BER of three-subband OFDM signal can reach the BER threshold of 1 × 10 −3 at OSNR value of ∼32 dB. Therefore, 100-Gb/s balanced-detection based our proposed scheme is achieved without requirement of guard band for SSBI cancellation. The electrical spectrum of the three-subband OFDM signal without guard band is also shown in the inset of Fig. 12. 
Conclusions
In this paper, we have successfully demonstrated 100-Gb/s balanced-detection optical OFDM transmission over TMF based on specially designed FFMC with mode selectivity characteristic. The mode selectivity is realized by the coupling behavior between the fundamental mode LP 01 and the first-order mode LP 11 of the designed circular-core TMF based FFMC. Experimental results show that the SSBI can be successfully removed in our proposed balanced-detection scheme after TMF transmission without requirement of guard band. Our proposed scheme with specially designed FFMC has the potential in future high capacity short-reach intra-datacenter connections.
